The OH --coordinated MOF was developed to simulate the surface state of catalyst in an alkaline test environment of ECR and then further explore its mechanism of CO 2 activation. It shows high faradic efficiency for CO, approximately 100%, along with long-term stability. The single-crystal to single-crystal transformation demonstrates that coordinated OHcan activate the linear CO 2 into planar triangular HCO 3 in the ECR process.
INTRODUCTION
Converting atmospheric excess carbon dioxide (CO 2 ) into chemical feedstock or low-carbon fuel is not only beneficial for mitigating the greenhouse effect but also to some extent for alleviating the energy crisis. [1] [2] [3] [4] Electroreduction of CO 2 is regarded as a promising strategy [4] [5] [6] [7] featuring (1) controllability of the voltage during the reaction process, (2) recyclability of electrolyte, (3) a sustainable source of electrical energy, and (4) a well-knit reaction system. The ECR process includes three main steps: 5, [8] [9] [10] [11] (1) adsorption of CO 2 on the catalyst for CO 2 * formation; (2) electron transfer and proton migration for cleaving the C=O bond and producing C-O and/or C-H bonds; and (3) desorption and diffusion of conversion products from the catalyst surface. Among of them, the first step is the main and key step for ECR, as it requires a large amount of reorganizational energy to adsorb and activate linear CO 2 molecules to form CO 2 *, occurring at À1.90 V versus standard hydrogen electrode. 12 The current study of ECR mechanism focuses on various products that involve generation of different intermediates (e.g., *COOH, *OCCOH, *CO) 10, [13] [14] [15] [16] [17] relating to several proton-coupled electron transfer steps based on CO 2 *; 18 by contrast, few have been committed to revealing the most important process of CO 2 adsorption and activation. Therefore, it is of great significance to design and develop suitable ECR catalysts for the investigation and elucidation of the adsorption and activation mode of CO 2 .
The current reported ECR electrocatalysts are mainly concentrated on nanocatalysts. [19] [20] [21] [22] [23] Some strategies have been adopted to improve the performance of
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electrocatalysts, such as increasing the specific surface area of catalysts, 24 modulating the dispersion of the catalytic center (e.g., single-atom catalyst and atompair catalyst), 25, 26 and especially introducing the oxygen vacancies (V O s) and surface defects into some nanocatalysts. 27 For heterogeneous catalysts, some molecules or ions in solution can directly interact with the surface defect sites or V O s to improve the activity of catalysts, which leads to the remarkable results in electrocatalytic hydrogen evolution reaction, 28 oxygen evolution reaction, 29 and methanol oxidation reaction. 30 However, there are still many problems while these methods are being utilized in N 2 or CO 2 reduction processes due to the gas as the reactant in three-phase (solid, gas, and liquid) reactions, since the created defect sites or V O s tend to be coordinated or interacted with the large number of liquid molecules or ions rather than the gas molecules in solution during the reaction process. [31] [32] [33] Thus, adsorption and activation of CO 2 on the catalyst surface, the rate-determining step of ECR, may not be just affected by the interaction between CO 2 and metal sites, but also the strength of the interaction between CO 2 and ions/small molecules of solution that can coordinate on the metal surface and determine the CO 2 adsorption and activation capacity of the catalyst. Most heterogeneous catalysts for ECR have no precise molecular structure. Even with many in situ characterizations, 21, 34 it is still difficult to provide intuitive and accurate evidence of the catalytic mechanism of ECR, especially regarding the mode for CO 2 chemisorption and activation.
Metal-organic frameworks (MOFs), [35] [36] [37] [38] which are open frameworks, have emerged as a promising electrocatalyst for ECR due to their high CO 2 adsorption 7 and clear metal active sites. [39] [40] [41] [42] Some MOFs have been used in ECR, 43 such as HKUST-1, 42,44 CR-MOF, 45 Al 2 (OH) 2 (Co(tcpp)), 40 and Fe-MOF-525, 46 but the faradic efficiency and long-term stability still need to be improved. Furthermore, MOFs with accurate structure can be modulated with small molecules/ions coordination on the metal center, promoting the study of the effects of small molecules/ions in ECR reactions, which is very important for the ECR mechanism. The development of stable MOFs with high selectivity and remarkable activity toward CO 2 reduction and the related investigation of ECR mechanism has become our target task.
Herein, we design and report a stable MOF with two OHions [NNU-15, Co(OH) 2 (H 2 O) 2 (Co-TIPP)] composed of Co II ions and TIPP linkers to act as a crystal model for simulating the surface state of catalyst in an alkaline test environment of ECR, and further explore its adsorption and activation mechanism with CO 2 . The TIPP ([5,10,15,20-tetra(4-imidazol-1-yl)phenyl]porphyrin) ligand decorated by the imidazole group can be used to construct more stable MOFs. 47 Besides, the TIPP ligand including the porphyrin moiety is considered to be beneficial for efficient electron conduction, further facilitating the construction of efficient MOF catalysts for electrochemical applications. 48 Moreover, as a neutral ligand, TIPP is also propitious for the counterbalanced coordination between other anions and the metal center, making it possible to obtain the MOF crystal model with OHcoordination to uncover the ECR mechanism under a simulated alkaline environment (most ECR occurs in alkaline conditions 49 and fourier-transform infrared (FTIR) spectroscopy showed that CO 2 could be activated to form HCO 3 in alkaline solution. 50 Fortunately, the generated NNU-15-CO 2 intermediate could be captured to further provide powerful evidence of the coordinated OHparticipation mechanism in the ECR process. Furthermore, we demonstrate that the coordinated OHon the metal active center is significant for CO 2 chemisorption, and its transfer into HCO 3 may be a necessary pathway for ECR to further enhance ECR performance under alkaline conditions.
RESULTS AND DISCUSSION
Structure and Characterization of the MOFs Single crystals of NNU-15 were synthesized by solvothermal synthesis (see Experimental Procedures). Single-crystal X-ray diffraction (XRD) analysis reveals that the as-prepared NNU-15 crystallizes in the orthorhombic Pnma space group (Table S1 ). Each Co1 ion trapped in the TIPP center coordinates two N atoms of imidazole from TIPP ligands to form a 2D layer ( Figures 1A and 1B ). The Co2 ion connects two N atoms of imidazole, two OH -, and two H 2 O molecules ( Figure S2 ). Adjacent porphyrin layers are linked by Co2 ions to generate the 3D opening framework of NNU-15 ( Figure 1 ), while NNU-16 (formulated as Co-TIPP, Table S1 ) employs two imidazoles to connect neighboring Co1 ions of the TIPP center, fabricating a 2D porphyrin layer ( Figures 1A and 1B ). Both NNU-15 and NNU-16 employ TIPP ligands to coordinate with Co ions, but the main difference is that NNU-16 lacks the OH --coordinated Co2 site compared with NNU-15.
The consistency between the powder XÀray diffraction (PXRD) patterns of as-synthesized crystals and the simulated PXRD pattern demonstrates the high purity of NNU-15 and NNU-16 ( Figures S3 and S4 ). NNU-15 exhibits good thermal stability under O 2 atmosphere according to thermogravimetric analysis (TGA) results ( Figure S5 ). For NNU-15, the CO 2 uptake was determined to be 48 cm 3 g À1 at 298 K, and the desorption process became sluggish due to strong CO 2 adsorption ( Figure S6 ).
Performance on Electrocatalytic CO 2 Reduction
The linear sweep voltammetry (LSV) experiments were conducted to measure the electrocatalytic reduction of CO 2 for catalysts. The small onset potential located at À0.36 V for NNU-15 is much more positive than that of NNU-16 (À0.50 V) and TIPP ligand (À0.80 V) ( Figure 2A ) under saturated CO 2 atmosphere. Moreover, the current density of NNU-15 (32.2 mA cm À2 ) is much higher than that of NNU-16 (20.5 mA cm À2 ) and TIPP ligand (22.1 mA cm À2 ) at À1.1 V (Figure 2A) . A much lower current density under saturated Ar atmosphere was obtained compared with CO 2 atmosphere, which indicated that NNU-15 is capable of CO 2 electroreduction ( Figure S7 ).
To obtain insight into the performance for ECR, we carried out faradic efficiency (FE) experiments to assess the selectivity for CO 2 conversion. CO and H 2 are the main reduction products by gas chromatography (GC) detector analysis ( Figure S8 ). FE CO and FE H2 were recorded over the entire potential range from À0.5 V to À1.0 V ( Figures 2B, S9 , and S10). The result of 1 H nuclear magnetic resonance (NMR) spectroscopy reveals that there is no liquid product recorded ( Figure S11 ). NNU-15 is highly selective and active for converting CO 2 into CO, approaching a high FE CO above 96% in a wide potential ranging from À0.6 V to À0.9 V and a maximum FE CO (99.2%) at À0.6 V, while NNU-16 and TIPP ligand exhibit maximum FE CO of 50.7% and 9.1% at À0.8 V and À0.7 V, respectively ( Figures 2B and 2C) . Moreover, at À0.6 V the FE CO (99.2%) of NNU-15 surpasses that of NNU-16 (26.9%) and TIPP (3.6%) ( Figure S12 ). Compared with TIPP ligand and NNU-16, the excellent ECR selectivity for NNU-15 is mainly attributed to the active Co2 site. By contrast, NNU-16 without Co2 site and free TIPP ligand has relatively poor performance. Furthermore, such a wide potential range (À0.6 to À0.9 V) associated with high FE CO surpasses that of many reported materials, and the low potential (À0.6 V) corresponding to the maximum FE CO is smaller than that of many MOF-based materials (Table S2 ). At À0.6 V, the turnover frequency of NNU-15 (37.5 h À1 ) is also higher than that of NNU-16 (5.3 h À1 ) (Table S2 and Figure S13 ). Moreover, under 10% concentration of CO 2 atmosphere (simulating flue gas concentration), the maximum FE CO of NNU-15 can also reach up to 70.2% at À0.7 V, which indicates that NNU-15 possesses outstanding capacities to capture and activate CO 2 ( Figures 2D and S14 ).
The electrochemical active surface area (ECSA) is identified by electrochemical double-layer capacitance (C dl ) obtained from cyclic voltammogram (CV) curves to reveal the excellent performance of NNU-15. As shown in Figure S15 , C dl of NNU-15 is calculated to be 5.88 mF cm À2 , superior to that of NNU-16 (4.21 mF cm À2 ) and TIPP ligand (3.26 mF cm À2 ), suggesting that the larger available area of NNU-15 provides more active sites to promote ECR. The partial current densities for CO (j CO ) and H 2 (j H2 ) illustrate that the effective current density of NNU-15 is superior to that of the comparison samples ( Figure S16 ). Moreover, as Tafel slopes illustrate, the slope of NNU-15 is 183 mV dec À1 , which is lower than that of NNU-16 (190 mV dec À1 ) and TIPP ligand (194 mV dec À1 ), indicating the fastest reaction rate on NNU-15 (Figure S17 ). Furthermore, electrochemical impedance spectroscopy (EIS) experiments were performed to investigate the kinetics for ECR. The charge-transfer resistance of NNU-15 is much smaller than that of the other two counterparts, indicating the faster shuttling of charge transfers during the ECR process on NNU-15. The enhanced charge-transfer rate could enable minimized parasitic ohmic losses and contribute to the remarkably raised selectivity and activity toward CO 2 electroreduction ( Figure S18 ). Long-term stability of the catalyst is one of the major challenges for electrocatalytic reduction of CO 2 . The current density remains stable over 2.7 mA cm À2 after 110 h and the FE CO could be kept above 96% after 40 h by detecting the products every 5 h, which demonstrates that there is no obvious decline of selectivity and activity of NNU-15 during the CO 2 reduction process ( Figure 2E ). Besides, inductively coupled plasma emission spectrometry (ICP) and UV-visible (UV-vis) spectroscopy demonstrate that nothing dissolves after testing (Table S3 and Figure S19 ). These stability detections reveal that NNU-15 is an extremely stable and promising catalyst in ECR reactions. Finally, an isotopic experiment was conducted under 13 CO 2 atmosphere to validate the carbon source of the products, and the generated gases were analyzed by GC-mass spectrometry (MS). The peak at m/z = 29 is assigned to 13 CO, providing strong evidence that NNU-15 as electrocatalyst indeed has the activity and selectivity necessary to convert CO 2 into CO ( Figure 2F ).
Disclosing CO 2 Activation Mechanism by OH --Induced Crystalline Structure Transformation
To disclose the origin and difference of ECR performance for NNU-15 and NNU-16, we mainly consider the structural fragments of Co1-TIPP and the Co2 site. NNU-16 with Co1 at the TIPP center exhibits poor performance, because the Co1 coordinated with 6 N atoms becomes less attractive to CO 2 . Moreover, NNU-16 can be regarded as one layer of NNU-15 ( Figures 1B and 1C) , and the ECR performance of NNU-15 is significantly enhanced compared with NNU-16, mainly attributable to the Co2 subunit. To study the effect of OHions coordinated to the Co2 site on ECR performance, we carried out PXRD patterning after the ECR experiment. A shift toward a higher 2q region of the peak at around 7.76 is obtained compared with the original one ( Figures S20 and 3C) . To verify whether a new substance was produced, the NNU-15 crystals were soaked in the simulated ECR environment. After 20 h, we found that the PXRD pattern of these infiltrated crystals had also changed and were consistent with those after the ECR reaction. The marinated crystals were characterized by single-crystal XRD. PXRD patterns and single-crystal XRD analysis demonstrate that the NNU-15 has transferred into NNU-15-CO 2 under simulated alkaline conditions. Fortunately, we obtained the well-defined crystal structure of NNU-15-CO 2 after the ECR reaction, and it crystallizes in the orthorhombic P2 1 2 1 2 1 space group (Table S1 ). Each Co2 ion cooperating with two OHions of NNU-15 captures CO 2 molecules to form two HCO 3 groups of NNU-15-CO 2 (Figures 3A and 3B ).
There is no obvious valence-state difference for Co(II) in NNU-15 and NNU-15-CO 2 via X-ray photoelectron spectroscopy analysis ( Figure S21 ). Furthermore, the structural changes of NNU-15 related to time are provided in Figure S22 . There existed a single-crystal to single-crystal transformation from NNU-15 to NNU-15-CO 2 , and the NNU-15 fully turned into NNU-15-CO 2 after reaction time of 4 h.
The PXRD pattern of the catalyst after the ECR reaction is consistent with that of NNU-15-CO 2 , which proves that NNU-15-CO 2 is a relatively stable intermediate in the ECR process ( Figure S20 ). After reaction the crystal morphology remained unchanged, but its surface became a little smooth. Scanning electron microscopy results also indicated that surface catalysis does occur on NNU-15 in the ECR process, in which case the NNU-15 has converted into NNU-15-CO 2 (Figure S23 ). Furthermore, NNU-15 has been demonstrated to be easily adsorbed by CO 2 to form bicarbonate-chelated NNU-15-CO 2 due to the participation of coordinated OH -. In addition, NNU-15 can also capture traces of CO 2 to change into NNU-15-CO 2 when exposed to alkaline solution or air ( Figure 3D) , considering that the majority of ECR experiments are commonly performed under alkaline conditions, whereby the amount of OHions are supposed to be dominant. When the catalyst is soaked in electrolyte for ECR, the negatively charged OHions are more competitive than other neutral solvent molecules in coordinating with the positively charged metal active center. In this case, the coordinated OHions are very likely to play a crucial role in activating the absorbed CO 2 molecule. In particular, the capture of OH -induced single-crystal to single-crystal transformation from NNU-15 to NNU-15-CO 2 in ECR clearly expresses the dynamic structural evolution (CO 2 ÀHCO 3 -) of CO 2 in the electrocatalytic process, providing profound evidence to help disclose the CO 2 activation mechanism.
DFT Calculations
Density functional theory (DFT) calculations were further performed to identify the active sites and reveal the catalytic reaction mechanisms of ECR. A cluster model was applied for all the calculations and the long-range interactions were neglected. The whole NNU-15 structure is divided into two separate fragments, in which the metals are treated as catalytic centers, and we term these two fragments Co1 and Co2. In the case of porphyrin fragment, the Co1 sites are saturated with six N atoms from TIPP ligands; thus, the attraction for CO 2 from the metals is limited due to the strong coordination interaction between metals and N atoms ( Figure S24 and Video S1). As a result, CO 2 can hardly be adsorbed by Co1 ( Figure S24 ), leading to the poor ECR performance for Co1. For the Co2 site, the Co sites are originally coordinated with two N atoms, two OHions, and two H 2 O molecules. In general, the adsorption and desorption of water on metal sites present dynamic behavior in aqueous solution; thus, we then expose the metal site by removing dual H 2 O coordination in the cluster model for further catalytic reaction. The calculation results show that the nonpolar CO 2 molecule does not tend to link with Co sites directly. Instead, the C site from CO 2 is prone to connect with OHto form HCO 3 with two O atoms coordinating with the Co site (C-adsorbed). In addition, we find that both O-adsorbed and C-adsorbed initial geometries are inclined to form HCO 3 after a geometry optimization procedure ( Figure 4A ; Videos S2 and S3). Figure 4B illustrates the free energy profile from HCO 3 formation to final CO product generation. In each step of HCO 3 formation, the free energy decreases $0.68 eV, which is more negative than H 2 O binding energy ($0.43 eV), suggesting a strong sensitivity to CO 2 . In the following protonation process, one of the coordinated O receives H and CÀO breaks ( Figures 4B and 4C) . Subsequently, the unsaturated C lands on the Co site and leads to the formation of *COOH, which consumes an energy difference of 0.86 eV and becomes the potential determining step of the whole ECR process (Figure 4B) . In the end, a second protonation step occurs and generates *CO, after which the generated CO desorbs and OHis retained on the metal site for the next cycle of ECR (Figures 4B, 4C, and S25) . The models for the ECR process are further corrected by the solvent effect of water, although we noticed that the solvent does not much affect the relative energies of the intermediates. Similarly, thermal dynamic items of zero-point energy and entropy changes have a slight influence on the energies as shown in Figure S26 and Table S4 . DFT calculation results show that both O-adsorbed and C-adsorbed initial geometries are inclined to form HCO 3 and further reveal the adsorption mode of CO 2 whereby the coordinated OHions cooperate with the metal active center to capture CO 2 into HCO 3 -. Such formation of HCO 3 is the result of CO 2 chemisorption and activation in ECR, which is consistent with the experimental results.
Conclusion
In summary, NNU-15 with two coordinated OHions was reported and used as a crystalline model to investigate the adsorption and activation mode of CO 2 in the ECR reaction. NNU-15, acting as an electrocatalyst, exhibits high FE CO at a low potential (99.2% at À0.6 V) along with long-term stability (110 h), even in a wide potential range from À0.6 V to À0.9 V, with high FE CO (over 96%). Even under 10% concentration of CO 2 atmosphere (simulating flue gas concentration), the maximum FE CO can also reach up to 70.2% at À0.7 V, indicating that NNU-15 possesses outstanding ability to capture and convert the CO 2 molecule. Such excellent performances have surpassed those of all the reported MOF-based electrocatalysts applied to ECR. In the ECR process, we obtained the intermediate (NNU-15-CO 2 with well-defined crystal structure), which demonstrated that the metal catalytic center of MOF can cooperate with OHto capture and activate the CO 2 molecule to form the HCO 3 --chelating metal active center. Moreover, single-crystal to singlecrystal transformation between NNU-15 and NNU-15-CO 2 in ECR provides solid evidence to help disclose the CO 2 activation mechanism. DFT calculations further show that both O-adsorbed and C-adsorbed initial geometries are inclined to form HCO 3 due to the participation of OHions. Both experimental results and DFT calculations demonstrate that the coordinated OHon the metal active center is significant for CO 2 chemisorption and activation, and the formation of HCO 3 may be a necessary pathway for the ECR mechanism under alkaline conditions. This important discovery may modulate the future research emphasis on the ECR mechanism involving the participation of OHions for various catalytic materials and dramatically promote the progress of ECR.
EXPERIMENTAL PROCEDURES

Synthesis of NNU-15 and NNU-16
All chemicals and reagents were obtained from commercial sources. TIPP (11 mg, 0.013 mmol) and CoCl 2 $6H 2 O (47.6 mg, 0.20 mmol) were dissolved in the mixed solvent (DMF/H 2 O = 5:1, V = 6 mL) and stirred for 10 min. This mixture was sealed and heated at 120 C for 72 h. Purple flaky crystals of NNU-15 were isolated and collected (71% yield based on TIPP). TIPP (22 mg, 0.025 mmol) and CoCl 2 $6H 2 O (47.6 mg, 0.20 mmol) were dissolved in the mixed solvent (DMF/H 2 O = 1:1, V = 6 mL). This mixture was stirred for 10 min and sealed in a 10-mL glass vial, then kept at 120 C for 72 h. After cooling to room temperature at 10 C/h, violet crystal samples of NNU-16 were obtained and isolated (55% yield based on TIPP). Infrared spectra were recorded and are shown in Figure S27 . CCDC numbers: 1874634 (NNU-15), 1891188 (NNU-15-CO 2 ), and 1874635 (NNU-16). CCDC: 1874634, 1891188, 1874635.
Single-Crystal X-Ray Crystallography
Single-crystal XRD data collection for NNU-15 was measured on a Bruker APEXII CCD diffractometer (graphite-monochromated Mo Ka radiation, l = 0.71073 Å ) at 296 K. NNU-15-CO 2 and NNU-16 were measured on an SSRF BL17B diffractometer at the National Facility for Protein Science Shanghai at 100 K. All of them were solved using direct methods by SHELXT and refined by the SHELXL-2014 program within Olex 2 . Anisotropic temperature parameters were used to refine all nonhydrogen atoms. Hydrogen atoms were located at calculated positions. NNU-15, NNU-16, and NNU-15-CO 2 were corrected with the SQUEEZE program and a part of PLATON software was utilized to check the space group of crystal owing to solvent molecule disorder. Crystallographic data for NNU-15, NNU-16, and NNU-15-CO 2 are summarized and shown in Table S1 .
Characterizations and Instruments
Infrared spectra ranging from 4,000 to 400 cm À1 were recorded on a Bruker Tensor 27 FTIR spectrophotometer utilizing KBr pellets. TGA was performed on a Netzsch STA449F3 analyzer under an oxygen atmosphere from room temperature to 700 C (heating rate 10 C min À1 ). PXRD data (6 -50 ) were collected by a D/max 2500VL/PC diffractometer equipped with graphite monochromatized Cu Ka radiation (l = 1.54060 Å ).
Electrochemical Measurements
All electrocatalysis tests of these catalysts were carried out on the electrochemical workstation (Bio-Logic) using the standard three-electrode configuration (Ag/AgCl electrode and Pt wire acted as the reference and counter electrode, respectively) in an airtight H-type cell injected with 0.5 M KHCO 3 (pH 7.2). The total volume of the H-type cell is 100 mL (50 mL on each side). To enhance the conductivity of the MOF catalysts, we introduced acetylene black (AB) into the pure MOF crystals by grinding the mixture. In many reported works, Nafion solution as a dispersion solution was generally employed to form a uniform ink with MOF and AB, which was propitious in attaching to the surface of carbon paper. The preparation process of the working electrode is as follows. Ten milligrams of AB and 10 mg of pure MOF crystal as catalyst were ground uniformly, and 0.5% Nafion solution (1,000 mL) added. The catalysts were ground by the ball mill for 3 min with 60 Hz s À1 , and the influences of grinding time were considered ( Figure S28 ). After grinding for 1 min, the maximum FE CO is 88.1% when the obtained catalyst particles are relatively large. The particle size obtained is similar in both cases where the catalyst samples were ground for 3 min and 5 min, and both the obtained catalyst particles are optimal for ECR performance with FE CO of approximately 100% at À0.6 V versus RHE. These results demonstrated that the size of the catalyst particles does have an effect on performance, and the best ECR performance can be obtained when catalyst particles reach a certain size after grinding. For an even mix, the mixture requires sonication for 30 min. The mixture was then dropped on carbon paper (1 cm 3 1 cm) with MOF loading density of about 1 mg cm À2 . After natural drying, the working electrode (total area, 1 cm 3 2 cm) could be used for testing.
At a scan rate of 5 mV s À1 , LSV mode was utilized to obtain the polarization curves in ECR experiments. The polarization curves of the working electrode were recorded under inert atmosphere (Ar gas) and CO 2 (99.999%), respectively. The FE experiments were performed from À0.5 V to 1.0 V (versus RHE) in 0.5 M KHCO 3 solution (both the cathode and the anode contain 25 mL), bubbling with CO 2 (99.999%) atmosphere for about 40 min until the pressure relief valve displayed 0.5 MPa. The calculations for FE of catalysts are shown in Supplemental Information. Both carbon paper and AB have a low current density and produce hydrogen gas rather than CO over the potential range (À0.5 V to À1.0 V versus RHE), which certifies that the outstanding performance stems from the catalyst activity ( Figures S29 and S30 ). In addition, in 10% concentration of CO 2 atmosphere instead of the CO 2 (99.999%), the FE experimental conditions are similar. Based on the Nernst equation E (versus RHE) = E (versus Ag/AgCl) + 0.1989V + 0.059 3 pH, the test results were reported versus RHE. To evaluate ECSA, we recorded the double-layer capacitance (C dl ) by CVs with various scan rates from 20 to 200 mV s À1 . EIS experiments executed ranged from 1,000 kHz to 0.1 Hz at an overpotential (À0.6 V versus RHE) using an AC voltage with 10 mV amplitude.
Detection of Products
The generated gaseous products were analyzed by a gas chromatograph (GC-7900, CEAULIGHT, China) equipped with a flame ionization detector and thermal conductivity with helium as carrier gas. The generated gas was analyzed offline by injection into the gas chromatograph after collecting the generated gas. Details are as follows. When the reaction reached about 5 coulombs, we utilized gas-tight syringes (Hamilton) to inject 500 mL into the gas chromatograph, and calculated the FE according to the formula in Supplemental Information. The results of isotope-labeled experiments ( 13 CO 2 instead of CO 2 ) were analyzed by GC-MS (7890A and 5875C, Agilent). After the reaction, the liquid products were collected and quantified by an NMR spectroscope (Bruker AVANCEAV III 400). The specific operation is as follows: 0.5 mL of electrolyte after reaction (0.6 V) was mixed with 0.1 mL of dimethyl sulfoxide (99.99%, internal standard) and 0.1 mL of D 2 O. A solvent presaturation technique was implemented to suppress the water peak. The UV-vis spectra were recorded on a UV-vis instrument (Beijing Purkinje, TU-1900).
The ICP results after reactions were measured on ICPOES (Agilent 720) and ICPMS (Agilent 7700).
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